Plants in the Brassicaceae are characteristically nonmycorrhizal, whereas we observed that the three heterospecific competitors, like almost all other angiosperms, do form mutualistic associations with mycorrhizal fungi. Therefore, the observed pattern in MIP among community types may explain the pattern of lower fitness of heterospecifics in high-sinigrin B. nigra communities and higher fitness of high-sinigrin B. nigra invaders in heterospecific communities. The higher fitness of low-sinigrin B. nigra invaders in B. nigra monocultures is consistent with a cost of sinigrin production (22) and little benefit of high sinigrin levels when competing with nonmycorrhizal B. nigra neighbors. Other mechanisms, such as direct allelopathy, may be acting as well (23) .
Our field data show an intransitive competitive hierarchy between competing species and genotypes leading to cyclical dynamics; highsinigrin B. nigra can invade diverse communities of other species, low-sinigrin B. nigra can invade patches of high-sinigrin B. nigra, and other species can invade patches of low-sinigrin B. nigra. Thus, each species or genotype is able to invade at least one other community type, promoting coexistence through mutual invasibility (19) . For instance, a diverse, heterospecific community could be invaded by high-sinigrin genotypes of B. nigra. As B. nigra rises in abundance, displacing heterospecifics, selection will begin to favor lower-sinigrin concentrations. If sinigrin concentrations fall low enough, heterospecific species may be able to reinvade the community, starting the cycle over. This kind of "rock-paperscissors" intransitivity has been shown to allow coexistence between species (24, 25) and genotypes within species (26, 27) , but few studies have investigated intransitive networks consisting of different species and genotypes within one species (28) The experimental results, combined with natural observations, show that in this system, the maintenance of species diversity is dependent on sufficient genetic variation, because without this variation the system would become dominated by B. nigra (if sinigrin levels are uniformly high), or by other species (if sinigrin levels are uniformly low). Simultaneously, the maintenance of genetic variation is dependent on species diversity, because selection is predicted to fix sinigrin levels at their lowest level if other competing species are not present. Our experiments show that a trade-off between intra-and interspecific competitive ability in the genetically variable species led to an intransitive competitive hierarchy among competing species and genotypes, thereby promoting coexistence. These results clearly show the potential for genetic variability and microevolution within species to alter community dynamics and structure. Conservation efforts aimed at maintaining species diversity therefore should not overlook the potential impacts of losses of genetic diversity, which could ultimately lead to losses of interacting species.
Quantitative Imaging of Nitrogen Fixation by Individual Bacteria Within Animal Cells
Biological nitrogen fixation, the conversion of atmospheric nitrogen to ammonia for biosynthesis, is exclusively performed by a few bacteria and archaea. Despite the essential importance of biological nitrogen fixation, it has been impossible to quantify the incorporation of nitrogen by individual bacteria or to map the fate of fixed nitrogen in host cells. In this study, with multi-isotope imaging mass spectrometry we directly imaged and measured nitrogen fixation by individual bacteria within eukaryotic host cells and demonstrated that fixed nitrogen is used for host metabolism. This approach introduces a powerful way to study microbes and global nutrient cycles.
B acteria and archaea responsible for biological nitrogen fixation can be found in free-living form (1-3) or in symbiosis with algae (4, 5), higher plants (3, 5) , and some animals (6) (7) (8) . Although these microbes are a critical part of the global nitrogen cycle (9) , there has previously been no means to evaluate this fixation process at subcellular resolution. This is now possible with multi-isotope imaging mass spectrometry (MIMS) (10) .
Wood and woody plant materials are abundant in the biosphere (11) and are important nutrient sources for a variety of fungi and microorganisms (12) . Yet few animals are able to feed primarily on wood (13) . Although rich in carbon, wood typically contains two orders of (14) . Animals using wood as food must therefore obtain other sources of combined nitrogen for biosynthesis. For example, wood-eating termites are thought to supplement their diet with nitrogenous compounds produced by nitrogen-fixing bacteria inhabiting their gut (6). This conclusion is supported by observations that a variety of nitrogen-fixing bacteria have been cultivated from termite guts (11) or detected by culture-independent methods (15, 16) , and that substantial rates of nitrogen fixation have been measured in association with termite guts and intact termite colonies (6) . Direct measurement of nitrogen fixation by individual bacteria and of nitrogen use by host cells, however, has remained impossible.
Nitrogen fixation has also been detected in intact specimens of wood-eating marine bivalves of the family Teredinidae (commonly known as shipworms) (17), but the site of fixation and the identity of the nitrogen-fixing microorganisms have not been previously determined. Although conspicuous communities of nitrogen-fixing bacteria have not been found in the gut of shipworms (13), as they have in termites, dense populations of intracellular bacterial symbionts have been observed in cells (bacteriocytes) in a region of shipworm gills known as the gland of Deshayes (18) . Moreover, a bacterium (Teredinibacter turnerae) capable of fixing nitrogen gas (N 2 ) in pure culture has been isolated from the gills of numerous shipworm species (19, 20) , and its presence in the gill symbiont community of the shipworm Lyrodus pedicellatus has been confirmed by in situ hybridization and quantitative polymerase chain reaction analysis (21) (22) (23) . These observations raise the questions of whether bacterial symbionts within the gills of L. pedicellatus can fix nitrogen and whether this fixed nitrogen is supplied to the host.
We localized and measured nitrogen fixation by individual cells of T. turnerae in pure culture, by individual bacterial symbionts in the gill of L. pedicellatus, and in subcellular domains of bacteria-free host tissue, using MIMS (10) to measure the incorporation of nitrogen gas enriched in the rare stable isotope We first established that MIMS could be used to measure nitrogen fixation by individual cells of T. turnerae grown in axenic culture in vitro (24) . When grown in the presence of (Fig. 1, A to C) . There was no detectable elevation of the 15 N/ 14 N ratio in cells of Enterococcus faecalis, a bacterium lacking the ability to fix nitrogen, when grown for the same estimated number of generations in the presence of the 15 N 2 tracer and analyzed together with T. turnerae in a mixed population (Fig. 1, A to C) .
We then applied MIMS to measure the incorporation of N ranged from a factor of 17 to a factor of 68 over the natural ratio, with a mean increase of a factor of 39 (Fig. 4A, Table 1 , and supporting online text). Furthermore, we were able to successively image the same gill tissue sections, first with transmission electron microscopy (TEM) and then MIMS. The images produced by the two methods could be precisely superimposed, confirming the identity of the densely packed bacteria observed in the MIMS images (Fig. 2, G to I ). This enabled us to find that the regions immediately adjacent to the periphery of individual bacteria had a degree of 15 N incorporation that was slightly more elevated (but with high statistical significance) than that within the bacteria (supporting online text). These results demonstrate that nitrogen is fixed by endosymbiotic bacteria within the gills of L. pedicellatus and suggest that molecules containing fixed nitrogen are transported to the proximity of the bacterial cell surface. The variation in 15 N fixation among individual bacteria could reflect differences in the physiological state of symbionts or genetic differences among symbionts within individual bacteriocytes. The latter is consistent with previous observations indicating the coexistence of multiple symbiont ribotypes within individual bacteriocytes in L. pedicellatus (22) . The variation could reflect bacteriocytes at different stages of development (26) . N ratios were also elevated in gill regions and structures that were free of bacteria, such as in discrete cells located at the base of the gill filaments and in individual cilia in the gill apex where new filaments are formed (Fig. 3 , A to C and E to J). We circumscribed hundreds of subcellular regions of interest (ROIs) on these structures and found increased 15 N/ 14 N values ranging from a factor of 1.4 to a factor of 11 over the natural ratio, with a mean increase of a factor of 5 for ROIs in both the ctenidial (gill) filaments and interlamellar junctions (Fig. 4A, Table 1 , and supporting online text). We confirmed the absence of symbionts in these ROIs by TEM analysis (Fig.  3D) . Although 15 N was incorporated in symbiontfree regions, the highest values in these regions were lower than the minimum value measured in the symbiotic bacteria ( Fig. 4A and Table 1 ). The observed distribution of 15 N incorporation (high in symbionts, low in symbiont-free cells) is consistent with the transfer of newly fixed nitrogen from its source in symbionts to its inclusion in host cellular pools. These results provide strong evidence that newly fixed nitrogen is used by shipworm cells for biosynthesis (Fig. 4B) .
MIMS technology has allowed us to localize, quantify, and compare nitrogen fixation in single cells and subcellular structures. We have demonstrated nitrogen fixation by individual symbiotic bacteria and have provided strong evidence of its use by the host. This symbiotic strategy is reminiscent of symbioses proposed to occur in the root nodules of leguminous plants and may explain the unusual ability of L. pedicellatus to survive and grow on a nearly nitrogen-free diet of wood (27) (Fig. 4B) . Thus, this work suggests a function for the shipworm/bacteria symbiosis that has not been demonstrated previously for any other animal endosymbiosis: the conversion of nitrogen from atmospheric gas into animal biomass. This method, which also can be applied to measure the distribution of any stable (or radioactive) isotope-labeled molecule at micrometer to nanometer scales, provides a template for the study of individual microbes in a population and of their roles in the physiology, pathology, and ecology of life. 
